In order to investigate microphysical processes in the stratiform precipitations including melting layers, size distributions of the precipitation particles were measured by "filterpapers method" at three observational stations with different altitude on Mt. Fuji.
Introduction
When we treat a model of the stratiform precipitation system, it is necessary to introduce microphysical processes as well as dynamic ones. Especially in a melting layer we must accurately understand the microphysical processes because the characteristic parameters such as fall velocity and size of precipitation particles change drastically by the melting.
In order to establish a model of mid-latitude cyclones, Herzegh and Hobbs (1976, 1980) and Houze et al. (1981) system, and concluded that the growth mechanism of precipitation particles as well as dynamical structure are different in altitudes.
In addition to the meteorological interest, the modeling of the precipitation system is important from the standpoint of telecommunication engineering, too. Recently, millimeter waves tend to be used for telecommunication. However, the millimeter waves are strongly attenuated by the precipitation particles depending on the size distribution of the particles along the path. Therefore, the many investigations on the microphysical processes in the stratiform precipitation system has also been performed (e. g. Furuhama et al., 1980) . There has been two ways, so far, to approach the microphysical processes in the melting layer included in the stratiform precipitation system. One is based on the direct T. Yokoyama, et al. 101 sampling of precipitation particles. Magono and Arai (1954) and Gunn and Marshall (1958) discussed the microphysical processes associated with the size distributions from measurement on the ground. Ohtake (1969) studied the processes based on the distribution measured at two stations with different altitude. The other is based on the remote sensing such as radars. Lhermitte and Atlas (1963) and du Toit (1967) investigated the processes using Doppler velocity measured by Doppler radars. Takeda and Fujiyoshi (1978) discussed them from the vertical profiles of radar reflectivity factor measured by X-band radar. Yokoyama and Tanaka (1984) and Yokoyama et al. (1984) researched the details based on the difference of the radar reflectivity factors between the two wavelengths, X-and C-band. In spite of enormous efforts paid so far, whether coalescence and/or breakup are active or not especially in the melting layer is still ambiguous.
Modeling the melting layer has been studied by Ekpenyong and Srivastava (1970) , Matsuo and Sasyo (1981) , Yokoyama and Tanaka (1984) and others.
However, only simplified microphysical processes were introduced into their models. Understanding the stratiform precipitation is far from the reality. In this paper, in order to investigate the microphysical processes, i. e., change in the size distributions of the precipitation particles at each altitude, in the stratiform precipitations including the melting layer, we measured the size distributions at three stations with different altitudes and the radar echoes. And we discussed the processes based on the data.
Observations and analyses

Method
We measured directly the size distribution of the precipitation particles to study the microphysical processes through the melting layer in a stratiform precipitation.
The measurement was performed at three observational stations with different altitude, one was located close to the melting layer and other two stations were located far below the melting layer. The measurement was similar to the observation carried out by Ohtake (1969) .
The size distribution of the raindrops was measured by the "filter-paper method ". The method is as follows : we caught the raindrops on the filter-papers covered with water-blue, and we measured the size of the blue round spots on the papers.
In the cases of the snowflakes and the melting snowflakes, we caught the particles on the water-proofed cloth and immediately took a photograph of the particles. Then we carried the cloth into the warm room to melt the particles into the water droplets, and pressed the filter-paper onto the cloth. We could measure the size of the blue spots on the papers in the same way as the case of the raindrops.
The size of the spots can be converted to the diameter of raindrops, or the melted diameter of snowflakes or melting snowflakes using the calibrated relation between the size of the blue spots and the mass of the water droplets.
When the size distribution of the precipitation particles were measured, cross-sections of the precipitation system were simultaneously monitored by RHI radar. The radar is an X-band radar with wavelength of 3.2cm, and the antenna can vertically rotate. The RHI cross-section was photographed automatically by an 8mm movie camera which is synchronized with antenna rotation. Temperature and relative humidity were measured by thermistor thermometers and Assmann ventilated psychrometers, respectively, to understand the meteorological situation of the atmosphere.
Precipitation rate was also measured by drop count type rain gauge with high resolution.
Observational stations and Periods
We selected Mt. Fuji (3776m above sea level) as a field to observe the microphysical processes in the melting layer. The reasons why we selected Mt. Fuji are the following : firstly Mt. Fuji is an isolated high mountain, so that orographic effect on the wide range of precipitation systems must be small, secondly we could set the observational stations with different altitude close each other, and thirdly all the stations were covered by the RHI radar without obstruction by shadow of mountains.
The location of the observational stations are shown in Fig. 1 Vertical radar echoes were measured by RHI radar set at the Lower station on the line. The observation of the melting layer was performed in October, 1980. In this season, cyclones often travel eastwards along Japan Islands, and the stratiform precipitations associated with the cyclones occur. And it was expected that the Upper station located near the 0* level in the season. Therefore, we could measure the size distributions of the snowflakes or melting snowflakes at the Upper station and of the raindrops at the Middle and Lower stations when the stratiform precipitations occurred.
The horizontal distance between the Upper and Middle stations was about 5 km, and that between the Middle and Lower stations was about 7km (see Fig. 1 ). To watch the horizontal homogeneity of the size distribution due to the distance among the stations, the precipitation systems were monitored by the RHI radar. The radar was located at the Lower station and the radar echoes in the cross-section along a dashed line in Fig. 1 were observed. When the radar echoes show horizontal homogeneity, we can obtain vertical information on the size distributions from those measurement at the three stations. Only the data which satisfy the homogeneous condition were selected for analyses.
This condition corresponds to the steady condition of precipitations when the wind is weak.
Analyses
The size distributions of the precipitation particles measured by the fiter-paper method was called "horizontal size distribution" NH (cm-3 sec-1) by Ohtake (1969) . In order to calculate the spatial size distribution. N (cm-4) from the horizontal size distribution, we need the relation between the fall velocity and the diameter or the melted diameter of the precipitation particles.
In the case of the raindrops, the relation has been obtained by Gunn and Kinzer (1949) with good accuracy. In the case of snowflakes, however, the relation has scattered widely (Langleben, 1954; Magono and Nakamura, 1965; Sasyo and Matsuo, 1980) . The scattering is due to the shape, density and falling direction of the snowflakes, and otherwise atmospheric turbulence.
In the melting layer, it is difficult to determine a definite relation between the fall velocity and the melted diameter parameterizing the melting ratio of the melting snowflakes.
If we want to calculate the spatial size distributions from the horizontal size distributions measured by the filter-paper method in the melting layer, the errors must be large.
The horizontal size distribution expresses the flux of the particles per unit size interval through the horizontal plane, and is useful to detect the change of the size distribution between two levels when the precipitation is steady as described by Ohtake (1969) . Because the particles in a certain diameter range are not accumulated or consumed between the two levels, in the steady and homogeneous precipitation and in the case that condensation and evaporation are ignored.
In this study, we analysed the horizontal size distributions in cases that the precipita-Lions were rather steady and horizontally homogeneous.
Data and Results
The observation was carried out from 12 to 22 Oct. 1980. It was lucky that a cyclone traveled eastwards on the south of Japan Islands in the final period of the observation. Figs. 2(a) and (b) show the synoptic weather maps at 1800, 20 Oct. and 0300, 21 Oct., respectively.
A broad elliptical area with about a thousand kilometers in length and several hundred kilometers in width was covered by the precipitation on the northern side along the warm front.
At the observational stations, precipitations were detected from 0600, 20 Oct. to 1100 (hereafter Japan standard time in this paper), 21 Oct. as shown in Fig. 3 . Before 1800, 20 Oct., time variations of precipitation rate were large. The RHI radar echo showed the convective and cellular structure, and the bright band was not clear. On the contrary, after 1800, 20 Oct., the time variations of (a) and (b) show the maps before and during the analysed period, respectively.
A cyclone traveled eastwards and precipitation occurred in the broad area along the northern side of the warm front. The precipitation rate was measured by high resolution rain gauge and 10-minute average values are shown. T. Yokoyama, et al. 105 the precipitation rate were rather small and the radar echo showed long-lasting sharp bright band. The cellular structure was very weak, so that the precipitation system was horizontally and temporally homogeneous, that is, typical stratiform precipitations were formed.
The situation continued to 1100, 21 Oct. During the period from 0200 to 0600, 21 Oct., the temperature descended from 3 to 0* and the precipitation particles changed from raindrops to melting snowflakes (sleet) and snowflakes at the Upper station. Through the period, wind speed at the Upper station was weak (a few m/sec). From the aerological data at Hamamatsu (about 120km southwest of the observational area), wind speed at the same level as the Upper station was less than 10m/sec.
The relative humilities at both the Upper and Lower stations were more than 95%. Thus, the condition to study the microphysical processes in the stratiform precipitation was satisfied during the period from 0200 to 0600, 21 Oct. Fig. 4 shows the vertical cross-sections of radar echoes, along the dashed line in Fig. 1 , monitored by RHI radar which located on the Lower station through the analysed period. The bright band lasted clearly during the period. Before 0300 there still found indistinct cellular echoes with the scale of 2*3km accompanied with the bright band, but after then the horizontally extended echoes of the typical stratiform precipitation appeared. The Upper, Middle and Lower stations are indi- Fig. 4 Cross-sections of RHI radar echoes along the dashed line in Fig. 1 cated by " U ", "M" and " L ", respectively, in the picture. All stations were covered by a horizontally homogeneous precipitation system. The precipitation rate at each station obtained by the filter-paper method, which is not shown here graphically, was smaller than 5mm/hr during the analyzed period and the time variations of the precipitation rate at the three stations coincided with each other, especially after 0300. From these facts, we can consider that the size distributions observed at the three stations indicated the typical features at three heights in the stratiform precipitation system.
In Fig. 4 , the vertical distance between the bright band and the radar site (Lower station) was about 3200m at 0200 and decreased to about 2700m at 0600. The altitude above sea level of the Lower station was 650m, so that the Upper station (3250m in altitude) was located below the bright band at 0200 and was located at the upper edge of the bright band at 0600. This means that the precipitation system moved to about 500m downwards during the 4 hours keeping the horizontal structure homogeneous. The downfall of the bright band was conjectured to be associated with the northward shift of the warm front.
Together with the downfall, the temperature at the Upper station changed from 3 to 0*.
The precipitation particles caught at the Upper station were raindrops before 0230, but they changed to melting snowflakes (sleet) composed of many single ice crystals from 0230 to 0430. After 0430, they were nonmelting snowflakes.
The phase change of the precipitation particles found at the Upper station is shown in Fig. 5 . The pictures, which were photographed just after the particles were caught on the water-proofed cloth, show clearly the degree of melting.
After taking pictures we melted the particles to water drops in a rcom and measured the size distribution of the particles by "filter-paper method" as mentioned in chapter 2.
The time variations of the size distribution measured at the three observational stations by "filter-paper method" are shown in Fig. 6 . The number of the analysed filter-paper was 95, 122 and 145 at the Upper, Middle and Lower stations, respectively. Therefore, each distribution was measured every 1.5*2.5 minutes on the average. In Fig. 6 , 15-minute running-meaned size distributions are demonstrated three-dimensionally after removing the short time fluctuation. "Diameter" in abscissa is the diameter of the raindrop or the melted diameter of the melting snowflakes or the snowflakes.
From Fig. 6 In order to watch the characteristics of the size distribution more carefully, we show the time variations of the number flux in Fig. 7 . The number flux is defined as the number of the particles which pass across a horizontal unit area during unit time and can be obtained from the horizontal size distributions. Here, diameter is divided into four intervals, smaller than 0.1cm, 0.1 to 0.2cm, 0.2 to 0.3cm and larger than 0.3cm. From the figure, the characteristics (a) and (b) cited above are more clearly verified.
The variations at the Upper station is interesting (Fig.  7(a) ), that is, small particles decrease and large ones increase during 0330 and 0430, and vice versa after 0430. Such characteristics are not clearly found at other stations.
These facts suggest that the precipitation system was horizontally homogeneous and that change in the size distribution due to coalescence and/or breakup of the precipitation particle occur actively near the melting layer. We shall investigate in more detail how and why the size distributions change like that way in the next chapter.
Discussion on microphysical process
We can detect the difference of the time variations of the size distributions among the observational stations by careful watching of the size distribution curves and the time variations of the number flux shown in Figs. 6 and 7. Here, we shall watch the time variations of the size distributions from a viewpoint of particle volume. For that purpose, we introduced a volume ratio presented as contribution of particles in a certain diameter range to the total precipitation rate. A special precipitation rate Rint (mm/hr), integrated between two diameters (D1 and D2), is defined as follows;
where the unit of the diameters (D1, D2 and D) is cm and that of the horizontal size distribution (NH) is cm-3 sec-1. Total precipitation rate described as Looking at the location of the bright band in the pictures of the RHI radar echo, the phase change of the precipitation particles and the temperature at the Upper station, we can conclude that the melting layer moved down across the Upper station during the analyzed period. Therefore, the time variation of the size distribution, the number flux or Rratio at the Upper station can be converted into a vertical difference of them in the melting layer. Inspection of the time change of the size distributions (Figs. 6, 7 and 8) leads to the following conclusions on the microphysical processes in the melting layer :
(e) In the upper part of the melting layer (corresponding to the period from 0430 to 0600 at the Upper station), small sized snowflakes coalesce and grow up to large snowflakes.
(f) In the middle part of the melting layer (from 0330 to 0430), melting and coalescence of the particles are active, and the number flux and the volume ratio of the large sized particles increases significantly. (g) In the lower part of the melting layer (before 0330) and below the melting layer (corresponding to the Middle and Lower stations), the particles finish melting completely to raindrops, and the number flux and the volume ratio of the large particles decreases.
Therefore, the medium sized particles between 0.1 and 0.2 cm are predominant in volume. The size distributions do not change drastically below the melting layer, i. e., in the phase of raindrop, because the size distributions at the Middle and Lower stations are similar to each other.
Conclusions
From the time variations of the size distributions, the number flux and Rratio in the steady precipitation, the following facts are obtained for the size distributions:
(a) In the region of the snowflake, above or at the upper edge of the melting layer, small sized particles smaller than 0.1cm in diameter were predominant in number and volume. (b) In the region of the melting snowflake (sleet), in the melting layer, large sized particles larger than 0.2cm .increase in number and are predominant in volume. Small sized particles decrease. (c) In the region of the raindrop, below the melting layer, medium sized particles between 0.1 and 0.2cm are predominant in volume. Based on the facts, we can lead the conclusions on microphysical processes as follows :
(d) In Region -A in Fig. 9 , coalescence of the particles seems to be active, and small sized particles decrease and large sized particles increase. (e) In Region-B, melting is advanced so that large sized particles tend to breakup, and medium sized particles increase. (f) In Region-C, the particles melt to rain- drops just below the melting layer, so that the size distribution does not change largely keeping the characteristics that medium sized particles are predominant. The conclusion (d) coincides with Yokoyama and Tanaka (1984) and Yokoyama et al. (1984) obtained by the observation of the melting layer using two-wavelength radar technique. Then, it is confirmed that coalescence occurs in the upper region of the melting layer from both the remote sensing and the direct sampling. In the lower region, however, it was difficult to detect the microphysical processes when we used the two-wavelength radar (Cand X-band) measurement (Yokoyama et al., 1984) . So, to confirm the conclusions (e) and (f), we need to study the microphysical processes in the lower region by the twowavelength radar technique using another combination of radar wavelength.
Introduction of the microphysical processes into the model of the melting layer or the stratiform precipitation system will be a key subject in the future. T. Yokoyama, et al. 111 digital computers of the Nagoya University
Computation . Center.
